Oxaliplatin is a first-line chemotherapeutic agent used for the treatment of colorectal cancer.
Introduction
Colorectal cancer (CRC) has the highest incidence rate and the second highest mortality rate of all cancers worldwide [1, 2] . The first line of chemotherapeutic treatment for advanced CRC consists of the platinum-based compound oxaliplatin in combination with 5-Fluorouracil and Leucovorin [3] . Although very effective in the treatment of CRC, there are many adverse effects associated with oxaliplatin treatment. The most severe and dose limiting properties of oxaliplatin treatment are the gastrointestinal (GI) side-effects such as nausea, vomiting, diarrhoea and peripheral sensory neuropathy [4, 5] . These side-effects can persist for years even after treatment has ceased [6] . Dose limitations and in some instances, cessation of treatment, are often as a result of these side-effects. It is imperative that new treatment approaches are developed to prevent side-effects and increase the cytotoxic efficacy of treatment. The mechanisms by which these side-effects occur have been of interest lately. Recent findings suggest that oxidative damage and toxicity to the enteric neurons innervating the GI tract and controlling its functions may contribute to long-term side-effects of oxaliplatin treatment [7] [8] [9] . Thus, developing treatments that prevent oxidative damage to the enteric neurons is a viable pathway for improving patient quality of life.
Nitric oxide (NO) is produced by the activation of nitric oxide synthase (NOS), and is a widely distributed neurotransmitter located within both the central and peripheral nervous systems. NO has various location-dependant functions, and, in the GI tract acts as a mediator of vasodilation and GI relaxation [10, 11] . In the enteric neurons embedded in the GI tract wall, neuronal NOS (nNOS) is expressed by descending interneurons and inhibitory motor neurons supplying the intestinal smooth muscle [12] . Release of NO from neurons and smooth muscle is essential for the complex muscle co-ordinations that produce GI peristaltic motility [13, 14] . NO can become toxic in a reaction with superoxide to form peroxynitrite.
Peroxynitrites are reactive nitrogen species (RNS) that have the ability to modify tyrosine residues in proteins to create nitrotyrosines. Nitration of structural proteins has been shown to mediate oxidative damage to neurons and cause pathological complications [15] . The presence of RNS 3-nitrotyrosine (3-NT) in the nucleus of neuronal cells is an indicator of oxidative damage and neurotoxicity, and is associated with neuronal death [16] .
Resveratrol (3,5,4′-trihydroxy-stilbene) is a potent polyphenol that is found naturally in grapes, plums, and peanuts [17] . There have been many studies reporting anti-oxidant, anti-inflammatory [18, 19] neuroprotective [20] [21] [22] and anti-cancer [23] [24] [25] [26] effects of resveratrol. Studies investigating the anti-oxidant capabilities of resveratrol have demonstrated that it is a powerful scavenger of free radicals, can modulate and enhance cellular anti-oxidant defence mechanisms and has the ability to stimulate the synthesis of anti-oxidant enzymes [27, 28] . Additionally, resveratrol has been found to function synergistically with chemotherapeutic compounds to increase cytotoxic efficacy of anticancer treatments in vivo and in vitro [29] [30] [31] [32] [33] . To date, no studies have investigated the ability of resveratrol to alleviate oxaliplatin-induced oxidative damage of the enteric neurons associated with GI side-effects.
Methods

Animals and Ethical Approval
Male BALB/c mice aged 5-8 weeks (18 -25g) were used in this study. Mice were supplied from the Animal Resources Centre (Perth, Australia). Animals were housed in groups of 3-5 and were kept in an animal holding room with a 12-hour light and dark cycle at approximately 22 °C with free access to food and water. The mice were allowed to acclimatise for at least one week before receiving injections. All experimental work in this study was approved by the Victoria University Animal Experimentation Ethics Committee and performed in accordance with the guidelines of the Australian National Health and Medical Research Council.
Oxaliplatin Treatment
Mice received intraperitoneal (i.p.) injections of oxaliplatin (Tocris Bioscience, UK) 3 mg/kg/dose 3 times a week with a 26 gauge needle for 2 weeks as previously reported [8] .
Oxaliplatin was dissolved in sterile water in order to make 10 -2 M stock solutions and refrigerated at -20°C. The stock was then defrosted and diluted further to make 10 -3 mM solutions for intraperitoneal injections. The dose of oxaliplatin was calculated to be equivalent to standard human dose per body surface area [34, 35] 
Colonic Motility Assessment
The entire colon was removed from treated mice and set up in organ-bath chambers to record motor patterns ex vivo as described previously [9] .Briefly, the colon was placed into warmed (35 °C), oxygenated physiological saline (composition in mM: NaCl 118, KCl 4.6, Recordings were used to construct spatiotemporal maps using in-house edge detection software [36] . Spatiotemporal maps plot the diameter of the colon at all points during the recording allowing contractile motor patterns to be analysed with MatLab software (version 12).
Immunohistochemistry
Segments of the colon were placed in oxygenated phosphate-buffered saline (PBS) (pH 7. ImmunoResearch Laboratories, PA, USA) for 2 hours at room temperature. Wholemount preparations were given 3 final 10 min washes in PBS and then mounted to glass slides using fluorescent mounting medium (DAKO, Australia).
Neuronal Cell Counting and Imaging
Wholemount preparations were observed as three dimensional (z-series) images under a Nikon Eclipse Ti laser scanning confocal microscope (Nikon, Japan), 8 randomly chosen images from each preparation were captured with a 20x objective and processed using NIS Elements software (Nikon, Japan). The number of neurons displaying translocation of nitrated proteins to the nuclei was quantified in myenteric ganglia within a 2mm 2 area of each distal colon preparation. Fluorophores were visualized using excitation filters for Alexa 488 (excitation wavelength 473nm). Z-series images were taken at step size of 1.75µm (1600 x 1200 pixels).
Histology
The distal colon was harvested and placed in a 10 % formalin solution overnight and transferred into 70 % ethanol the following day. Paraffin-embedded colon sections were cut into 5 µm thick sections and de-waxed in a 60 ˚C oven for 30 min. To examine the morphological changes to the colon, a standard Hematoxylin and Eosin staining protocol was followed [37] . Ten sections per preparation were analysed. All images were analyzed blindly.
Data and Statistical Analysis
Sample size was calculated based on our previous studies on enteric neuropathy and intestinal dysmotility associated with chemotherapy [8, 38] .To detect a 30% change at a power 0.8 and α = 0.05 with 10% SD, the effect size should be minimum n=5 animals per group as calculated by the GPOWER program. Data were assessed using one way ANOVA and Tukey's post-hoc test. Analyses were performed using Graph Pad Prism (Graph Pad Software Inc., CA, USA). Data are presented as mean ± standard error of the mean (SEM).
Value differences were considered statistically significant at P<0.05.
Results
Treatment with resveratrol prevented oxaliplatin-induced translocation of nitrated proteins into the nucleus of myenteric neurons
Repeated oxaliplatin administration in mice was associated with a significant (***P<0.001) increase in the translocation of nitrated proteins into the nuclei of myenteric neurons (38±1 neurons/2mm 2 ) when compared to vehicle-treated mice (17±1 neurons/2mm
2 ) ( Figure 1A-B) . Resveratrol administered in combination with oxaliplatin prevented oxaliplatin-induced translocation of nitrated proteins into neuronal nuclei (17±1 neurons/2mm 2 ). Resveratrol treatment alone had no effect on the amount of translocation (12±1 neurons/2mm 2 ) similar to the vehicle group.
Treatment with resveratrol prevented oxaliplatin-induced mucosal damage and loss of smooth muscle in the distal colon
Gross morphological assessment of distal colon segments from treated and untreated mice showed significant changes had occurred. Oxaliplatin-treated mice demonstrated significant damage to the mucosal lining, vacuolisation, and a decrease in muscle thickness (73±17µm; ***P<0.001) when compared to vehicle (240±5 µm) and resveratrol-treated mice (243±12 µm) ( Figure 1C-D) . Resveratrol + oxaliplatin treatment alleviated damage to the mucosa and muscle layer width (153±20 µm) but was not comparable to vehicle-treated mice, with a decrease in muscle width (*P<0.05), but was significantly different to oxaliplatin-treated group.
Treatment with resveratrol alleviated oxaliplatin-induced changes to colonic motor activity
Oxaliplatin-treated mice demonstrated reduction in the amplitude of colonic contractility, with the change in diameter (48±13mm) significantly less (***P<0.001) than that observed in vehicle-treated mice (129±9mm) (Figure 2A-B) . Administration of resveratrol in conjunction with oxaliplatin alleviated the reduction in the amplitude of contractions and the change in diameter between relaxation and contraction was not significantly different to vehicle-treated group (117±8mm). Resveratrol treatment alone had no effect on the change in diameter of the distal colon (142±4mm).
Treatment with resveratrol alleviated oxaliplatin-induced constipation
The number of pellets present in the colon of mice after culling is an indication of colonic function. Chronic oxaliplatin-treatment caused significant constipation (6±0.3 pellets/colon, ***P<0.001) when compared to vehicle (1.7±0.2 pellets/colon) and resveratrol (1.8±0.3 pellets/colon) treatments ( Figure 2C ). Resveratrol in combination with oxaliplatin was able to partially alleviate this (3.3±0.3 pellets/colon), however the level of constipation was still increased (*P<0.05) when compared to vehicle-treated mice.
Discussion
Here we present one of the first studies to demonstrate that resveratrol administered in conjunction with oxaliplatin prevents oxidative damage and neurotoxicity as well as alleviating colonic dysfunction and constipation.
Resveratrol alleviates oxaliplatin-induced oxidative damage in enteric neurons
We used the marker anti-3-NT antibody to identify the translocation of nitrated proteins in neuronal nuclei as an indicator of oxidative damage and neurotoxicity.
Translocation occurred most significantly in the enteric neurons of oxaliplatin-treated mice, and was reduced to the level of vehicle-treated group in the resveratrol + oxaliplatin-treated animals. Previous studies have shown translocation of nitrotyrosine in myenteric neurons following ischemia and reperfusion in mice [39] and induction of colitis in rats [40] .
Accumulation and translocation of nitrotyrosine has been linked to protein misfolding, mitochondrial dysfunction, neuronal degeneration [41] and an increased susceptibility to NOinduced apoptosis [42] . The results of this study are in agreement with previously reported increased level of superoxide production, cytochrome c release and apoptosis in myenteric neurons after oxaliplatin treatment [9] . Co-treatment with resveratrol significantly alleviated the translocation of nitrotyrosine when compared to the oxaliplatin-only treated group.
Resveratrol has previously demonstrated inhibitory effects on peroxynitrite-mediated oxidation of proteins and lipids [43] and in prevention of nitrative and oxidative damage through upregulation of anti-oxidant enzyme superoxide dismutase isoforms [44] and activation of the Sirt1/AMPK and the Nrf2/anti-oxidant defence pathways [45] .
Resveratrol ameliorates oxaliplatin-induced changes to distal colon morphology
Oxaliplatin administration was associated with a significant reduction in colonic smooth muscle thickness, which is similar to our previously published data [9] . As well as the effects on smooth muscle, oxaliplatin caused severe damage to colon morphology, one of these being abnormal vacuolisation within the intestinal crypts which has previously been reported to be an indicator of inflammation [46] . Co-administration of resveratrol with oxaliplatin had a protective effect on the colon, with the resveratrol + oxaliplatin-treated mice demonstrating healthy mucosal lining, crypt structure and muscle thickness. Resveratrol was previously reported to prevent GI inflammation [47, 48] , but this is the first study to demonstrate protection from oxaliplatin-induced inflammation.
Resveratrol alleviates oxaliplatin-induced colonic dysfunction and constipation
Significant reduction in the amplitude of colonic contractions was observed in the colons from oxaliplatin-treated mice. This was associated with an increase in the number of pellets present in the colons of oxaliplatin-treated mice, indicating constipation due to insufficient propulsion of faecal pellets through the distal colon. These results, combined with the increase in translocation of nitrated proteins to neuronal nuclei and previously reported loss of myenteric neurons [8, 9] as well as morphological changes in the colonic smooth muscles observed in the colons from oxaliplatin-treated mice, suggest that the decrease in the amplitude of colonic contractions is due to a decrease in neuronal input from motor neurons and less muscle mass available to perform contraction. Our observations are in agreement with previous studies reporting oxaliplatin-induced neuronal loss and alternations in nNOS expression leading to colonic dysmotility [8] and cisplatin-induced inhibition of intestinal transit [7] . Co-treatment with resveratrol alleviated oxaliplatin-induced changes in colonic contractile activity and symptoms of chronic constipation.
Conclusion
The results of this study demonstrate that oxaliplatin treatment causes neurotoxicity through nitrate translocations in the nuclei of enteric neurons and damages colon morphology. This damage is linked to motor dysfunction due to inhibition of the amplitude of colonic contractions leading to constipation. Co-treatment with resveratrol prevented neuronal toxicity and alleviated damage to GI mucosa, crypts and muscle layer resulting in improved contractility and a decrease in constipation. Resveratrol poses great therapeutic potential to prevent and alleviate oxaliplatin-induced oxidative damage to improve patient quality of life. Future research is required to determine the effects of resveratrol on the efficacy of oxaliplatin in an in vivo model of colorectal cancer and on the specific mechanisms used to infer its anti-oxidant/neuroprotective and anti-inflammatory actions.
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Figure Legends vehicle-treated group, ***P<0.001 compared to all other groups (n=5 mice/group).
